The anorexia that accompanies cellular dehydration in rats (DE-anorexia) offers a relatively simple model for investigating the functional organization of neural mechanisms that can suppress feeding during dehydration. Previous studies strongly suggest that the inputs that drive ingestive behavior control neurons in the paraventricular nucleus (PVH) and lateral hypothalamic area (LHA) remain active during DE-anorexia. Here we examine whether these two regions retain their sensitivity to neuropeptide Y (NPY). NPY is an important component in two major feeding-related inputs from the arcuate nucleus and the hindbrain. We found that intake responses to NPY injections in the LHA and PVH were suppressed in DE-anorexia, but the PVH remained less sensitive to the effects of NPY than the LHA in DE-anorexic animals.
INTRODUCTION
Energy balance is maintained by regulating energy intake, use, and storage. Negative energy balance typically activates a strong and powerful metabolic response to preserve lean body mass, together with central neural circuits that promote energy intake and reduce energy expenditure. The hyperphagia that normally follows caloric deficit restores energy reserves with a degree of relative precision (23, 36, 65) . But with anorexia, the drive to increase food intake in the face of negative energy balance is reduced or sometimes eliminated altogether. Although anorexia complicates the prognosis of many clinical conditions, the mechanisms by which appetite and food intake are inhibited are still poorly understood (60) .
We have used the anorexia that develops as rats become dehydrated from drinking hypertonic saline (DE-anorexia) as an experimental tool to help elucidate the functional organization of underlying neural networks. DE-anorexia is an important behavioral adaptation that protects fluid homeostasis in the face of a shrinking intracellular fluid compartment (6, 14, 21 ). Our current model (40, 61, 63) posits that DE-anorexia emerges as a consequence of steadily increasing plasma osmolality, which inhibits the efficacy of 'behavior control column' neurons in the paraventricular nucleus of the hypothalamus (PVH) and lateral hypothalamic area (LHA) that control ingestive behaviors (53) . A fundamental property of this model (63) is that negative energy balance is still capable of engaging those critical inputs to the PVH and LHA that would ordinarily stimulate feeding, including those containing neuropeptide Y (NPY). For example, 2-deoxy-D-glucose will still stimulate corticosterone release in DE-anorexic animals even though the feeding response is markedly suppressed (39). Both responses require catecholaminergic inputs to the PVH (34,35).
NPY has long been implicated in neural systems that stimulate feeding (12, 25, 46) . It is an important component in two major inputs to the PVH and LHA: leptin-and insulin-sensitive neurons that originate in the arcuate nucleus (ARH), and adrenergic inputs from the hindbrain 4 (7, 8, 15, 41, 34) . That central administration of NPY can stimulate food intake was noted many years ago (12, 25, 46) , and was followed shortly thereafter by the identification of the PVH and LHA as important sites of action (29, (46) (47) (48) 51 ). More recent studies have pointed towards a more complex role for NPY in organizing feeding behavior than is apparent when only the total amount of food consumed is measured (45,66).
Our current model of DE-anorexia (63) predicts that despite increased ARH Npy expression (64) , DE-anorexic animals will exhibit reduced sensitivity to NPY when administered to the PVH or LHA. To determine how NPY-sensitive elements are affected during DE-anorexia, we injected 300nl of NPY into either the PVH or LHA in a two-dose design. We then measured the latency to eat, and the amount of food eaten every hour for four hours. Finally, we measured the latency to eat and the amount eaten for one hour following the return of drinking water to determine if NPY-stimulated feeding in DE-anorexic animals interacted with the compensatory hyperphagia evident after the animals resumed drinking water (58).
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MATERIALS AND METHODS
ANIMALS AND PROCEDURES
Adult male Sprague-Dawley rats (240-260 g) obtained from Harlan laboratories were individually housed in suspended Plexiglas cages with sanitized wood chips. They were maintained in a temperature-controlled room (20-22°C) on a 12:12-h light-dark schedule with lights on at 0600h.
Rats were provided continuous access to food (Teklad rodent diet 8604) and water throughout the experiment, except where stated. For some animals, drinking water was replaced with 2.5% saline for up to five days. Body weights and food intake were measured daily through out the experiment. All procedures were approved by the USC institutional animal care and use committee.
SURGICAL PROCEDURES
Rats were handled daily for approximately 5 days before any surgical intervention and daily thereafter. Guide cannulas were fabricated from 26 gauge stainless steel tubing and occluded with a removable stainless steel obturator. For stereotaxic implantation of the guide cannulae, rats were anesthetized with an injection (100μl/kg i.m.) of ketamine/xylazine/acepromazine cocktail solution (5 ml ketamine HCl,100 mg/ml; 2.5 ml xylazine, 20mg/ml; 1 ml acepromazine, 10 mg/ml; 1.5 ml 0.9% saline solution). The skull was exposed and trephined at the implantation site using flat-skull coordinates of 1.8 mm caudal to bregma, 0.2 mm from midline and 6.5 mm ventral to the dura for injections aimed at the central portion of the PVH. Coordinates were 2.0 mm caudal to bregma, 1.5 mm from midline and 6.9 ventral to dura for injections aimed at the LHA. Guide cannulae were lowered to the desired site and anchored to the skull with dental acrylic and stainless steel screws. The skin incision was then sutured. Rats were given an intramuscular injection of analgesic (Banamine HCl, 2.5 mg/ml, 100μl/kg), allowed to recover 6 from anesthesia, and then returned to a clean home cage. Behavioral testing began 7-9 days post-surgery when body weight and food intake had returned to pre-surgical values.
EXPERIMENTAL DESIGN Injections
All injections were given between 09.00-10.00h in equal volumetric doses of 300nl over seconds. The obdurator was removed and replaced with a 33 gauge stainless steel injection cannula attached by polyethylene tubing to a 1µl Hamilton syringe. The injection cannula extended 1.5mm past the tip of the guide cannula to facilitate the entry of either NPY or aCSF into the parenchyma. The movement of a small bubble in the calibrated infusion line was used to verify injectate delivery. The system was also tested before and after each injection to ensure it was free of leaks or plugs.
The injection cannula was removed immediately following the injectate delivery, the obturator replaced into the guide cannula, and the rat was returned to its home cage for feeding tests with water or 2.5% saline to drink and a pre-measured amount of rat chow.
Feeding Measurements
The latency to begin feeding was measured immediately following injections. Food consumption was measured for each animal to the nearest 0.1g by weighing food and crumbs remaining in cages each hour for the four hours following injections. In addition to the 4h feeding tests, 24h food intake and body weights were monitored throughout the experiment.
Experimental Timeline
Rats were first injected with artificial CSF (aCSF) into the PVH or the LHA to obtain baseline measurements (day 0). The PVH or the LHA was injected two days later (day 2) with either 119pmol (0.5µg) or 238pmol (1.0µg) human/rat NPY (Peninsula Laboratories, Belmont, CA) dissolved in aCSF. These doses were chosen to incorporate the most dynamic part of the NPY dose/food intake response curve evident during the first 4 hours following administration (47).
Equal numbers of rats were tested with NPY first to ensure a counter-balanced design. Rats were then matched for body weight and placed into two groups that were maintained with either drinking water (euhydrated group) or 2.5% saline (DE group). The DE group was given 2.5% saline to drink 2 days after the first NPY injection (day 4).
After three days of DE (day 7) when nocturnal food intake was approximately 50% of pre-DE intake, rats were again tested for their feeding response to injection into the PVH or the LHA of either aCSF or the same dose of NPY given previously. Each EU animal was given a second dose of NPY directly following that of its weight-matched DE partner. We also determined whether a longer period of DE would suppress intake responses to a dose of NPY that was ineffective at 3 days. To do this, a separate group of animals was tested with 0pmol (aCSF) or 119pmol NPY injections into the LHA after 5 days of DE (day 9) when nocturnal food intake was approximately 30% of EU controls. We have previously shown that plasma osmolality is increased by about 6% by 3 days of DE and does not increase further by 5 days of DE (61, 63) .
Finally, to test whether the feeding that results when DE rats drink water again (58,61) remained intact following NPY injections, their 2.5% saline was replaced with water immediately after the 4h food test. Cumulative food intake was then measured for the hour immediately following the resumption of drinking water.
HISTOLOGICAL ANALYSIS
The day following the final behavioral tests, animals were injected through the guide cannula with 300nl of a 1% solution of bromophenol blue (16) . Ten minutes later animals were anesthetized with halothane and rapidly decapitated. Brains were removed and immersion-fixed for three days in ice cold PBS 4% paraformaldehyde. Two adjacent single series of 40µm frozen coronal sections were cut through the injection site. For observation of the bromophenol blue dye injection sites, one series was mounted onto slides and immediately cover slipped while the 8 second series was mounted and stained with thionin for clear observation of structures adjacent to injection sites. Injection sites were localized by using landmarks identified with the Swanson Brain Atlas (54).
The injection site was mapped microscopically using the areas of dye and tissue damage as markers of the injection. aCSF or NPY-targeted areas were considered to be located along the injection track between the most ventral point of the spread of bromophenol blue and visibly damaged tissue, and the ventral edge of the guide cannula. The location of representative injection sites is illustrated in Figure 1 .
The assignment of animals into PVH or LHA groups was based on the histologically-derived location of their injection site. Figure 1 shows that injections aimed at the PVH usually encompassed its dorsal, medial, and ventral parvicellular parts, as well as medial portions of the lateral parvicellular part. PVH-targeted injections also usually involved the dorsal parts of the anterior hypothalamic nucleus. Injections aimed at the LHA encompassed its juxtaventromedial region and the dorsal and posterior zones of the subfornical region of the LHA (see [54, 55] for definitions of the subdivisions of the PVH and LHA). Nine animals had injection sites that were located in either the zona incerta or nucleus reuniens, which were dorsal to the target areas in the PVH or LHA (Fig. 1) . The food intake of these animals after NPY injections (average four hour intake after injection 3.6±0.6 g) was not significantly different from controls. Animals with ectopic placements were discarded from further analysis.
STATISTICAL ANALYSIS
Data are expressed as means ± standard error of the mean (SEM). Differences in the latency and intake responses to NPY before and during DE were analyzed using a one-way ANOVA with repeated measures (RM). Results from EU and DE animals were compared using a 2x2 repeated measures ANOVA. Bonferroni's pairwise multiple comparisons test was used to evaluate individual differences, with critical level for significance set at p<0.05.
RESULTS
Feeding Responses to Injections of NPY into the Region of the Paraventricular Nucleus of the Hypothalamus
After injecting either 119pmol ( Fig. 2A) DE animals all ate similar amounts of food when their drinking water was returned, irrespective of whether they had been injected with aCSF or NPY into the PVH (Table 1) . DE did not affect the ability of NPY to elicit food intake as revealed by non-significant main effect or interaction effect of DE after 238pmol NPY to the LHA (Figs. 3A & 4B ). Figure 3A also shows that both doses of NPY injected in the LHA of DE animals elicited significantly greater food intake 4h later than those in the PVH. This regional difference was not apparent in EU animals. Table 1 shows that all DE animals exhibited a robust feeding response after their drinking water was returned, irrespective of whether they had been given aCSF or NPY. These values did not differ from those of PVH-injected animals when given water to drink.
Feeding Responses to Injections of NPY into the Lateral Hypothalamic
Injection of NPY to LHA after 5 days of DE.
Figures 3A and 4A shows that food intake 4h after a 119pmol injection of NPY was significantly As with all other DE animals, all 5 day DE animals ate significant amounts of food when water was returned, irrespective of whether they had been given aCSF or NPY (Table 1) .
Latencies to Eat after Injections of NPY into the PVH and LHA
The latency to begin eating was between 7.5 and 10 mins for all animals injected with NPY, irrespective of injection site, hydration state, or the dose of NPY administered (Fig. 3B ). There were no significant differences between the latencies to eat (F [df 17,125]=1.466; p=0.12) when 119pmol or 238pmol of NPY was injected into the LHA or the PVH in EU and DE animals ( 
DISCUSSION
Our results demonstrate three main points regarding NPY sensitivity in DE-anorexic rats. First, all animals begin to eat with the same latency after NPY injections irrespective of whether they were anorexic. Second, the magnitude of the food intake response of DE-anorexic rats to central NPY injections depends on the location of the injection and the severity of anorexia:
NPY is significantly less effective at eliciting food intake when it is injected in the PVH than the LHA of animals at similar states of DE-anorexia. Further, as DE-anorexia becomes more severe, the ability of NPY injected into the LHA to increase food intake becomes progressively blunted. Finally, all animals have a robust feeding response when drinking water is returned regardless of whether they had received a NPY or aCSF injection, or whether or not they had previously eaten in response to NPY.
Before considering the significance of these results for models of DE-anorexia, it is worth briefly reviewing NPY's known effects on feeding behavior. Although initial studies clearly identified its strong orexigenic effects (12, 25, 46 ,48), a more complex role for NPY has since emerged than the one apparent from experiments where only the amount of food consumed is measured (66) . This is illustrated by three observations. First, NPY does not simply stimulate the consummatory phase of feeding behavior (4,43). Instead NPY not only helps direct the appetitive phase towards a food source (2,13), but also delays the termination phase of feeding by reducing the inhibition generated by post-ingestive signals (4, 27) . In this regard, it is noteworthy that, in contrast to satiated animals, NPY is ineffective at potentiating the food intake that follows an overnight fast when endogenous satiety signals are presumably very weak (32). Some studies also suggest that NPY can sometimes generate aversive responses and actually suppresses food intake (2, 42, 44) . Second, the latency to begin feeding following central NPY administration is 8-10 minutes (47), which is consistent with a requirement for the interaction of NPY mechanisms with other neural systems before behavior is eventually modified (26,37). In 12 contrast, direct manipulations of amino acid-derived neurotransmitter systems stimulate food intake much more quickly (24,49,52). Third, central NPY administration also increases neuroendocrine and autonomic motor responses, including glucocorticoid, insulin, and glucagon secretion (1, 18, 20, 57) , as well as gastric and colonic motility (28,56). Collectively, these results demonstrate that in addition to increasing food intake, NPY engages a broad set of motor responses that coordinates energy metabolism during and after feeding.
The way our study was designed allows to address in broad terms whether the appetitive, consummatory, or termination phases of NPY-stimulated feeding behavior were differentially impacted during DE-anorexia. We measured the latency to begin eating as a comparative measure of NPY's effects on appetitive phase potency. We reasoned that if the processes that initiate the foraging and approach aspects of meal preparation had been inhibited by drinking hypertonic saline, then the latency to begin eating would be significantly longer than in EU controls. This was not the case. Irrespective of hydration state or injection site animals began to eat between 7 and 9 minutes after NPY injection, which is consistent with that reported by Stanley & Leibowitz (47). The fact that the latency to eat was unaffected in DE-anorexia suggests that it does not arise from a broad inhibition of motor control components in the appetitive phase. This interpretation is supported by our findings that the number of meals initiated during spontaneous feeding is largely unaffected by drinking hypertonic saline, and that the latency to begin feeding following injections of muscimol into the shell of the nucleus accumbens is also unchanged in DE-anorexic animals (30,31).
In contrast to the latency to feed, drinking hypertonic saline significantly altered the amount eaten following NPY injections. Food consumed was reduced during the test period following all NPY injections in the PVH as well as the smaller dose injected in the LHA of animals with more advanced DE-anorexia. In light of the suggestion (4,27) that NPY increases food intake partly by suppressing post-ingestive satiation-ie. delays the onset of the termination phase-it seems reasonable to suggest that an important contributory mechanism in DE-anorexia is one that counteracts the satiety-suppressive effects of NPY. Interestingly, detailed meal pattern analyses of spontaneous feeding by DE-anorexic rats also reveals a significant reduction in meal duration but not meal number, suggesting that advancing the onset of meal termination is a significant factor in reducing overall food intake in these animals (31).
Although the feeding response was strongly suppressed in 3 day DE-animals when the lower dose of NPY was injected towards the PVH, the same dose continued to stimulate food intake when placed in the LHA. In terms of suppressing the ability of NPY to increase food intake, drinking hypertonic saline therefore targets PVH-dependent mechanisms more effectively than those in the LHA, which is consistent with the greater sensitivity of the LHA to NPY reported in EU animals (51). Similar data have been shown in other models of anorexia. The feeding responses of anorexic tumor-bearing rats, senescent rats, and rats with obstructive cholestasis are all attenuated following intraventricular or hypothalamic NPY injections (5,10,33).
We found that the higher dose of NPY in the LHA almost entirely rescues the feeding response in moderately anorexic animals. Importantly, this shows that DE-anorexic animals can and will eat if appropriately stimulated, and is consistent with the notion that drinking hypertonic saline does not significantly compromise the consummatory phase of NPY-stimulated feeding behavior. But over time, as DE-anorexia becomes well-established, some animals had a strikingly suppressed feeding response to the lower dose of NPY in the LHA compared to when they were tested in the EU state, or to animals tested after with a shorter duration of DE.
Furthermore, while the LHA of DE-anorexic rats remains sensitive to NPY longer than the PVH, drinking hypertonic saline will eventually inhibit the feeding responses to LHA-targeted NPY injections. Thus, we found a significant correlation between the intensity of anorexia and the ability of the lower dose NPY to stimulate feeding when injected into the LHA. 14 The mechanisms underlying the differential sensitivity of the PVH and LHA remain unclear. Y1 and Y5 receptor subtypes have been most closely linked to the orexigenic actions of NPY (19,50), and local differences in the physiology of these receptors would seem a reasonable explanation. But detailed analyses of Y receptor number, distribution, or kinetics are currently unavailable in the critical regions of the PVH and LHA that could implicate these variables in the differences in NPY efficacy of these two regions. Interestingly however, reports show that some anorexic stimuli alter NPY Y1 receptor expression in the hypothalamus (9, 11, 67) .
We have previously reported that DE-anorexic animals show a strong and stereotypically organized bout of feeding after drinking water (58, 61) . Interestingly, we now find that all DEanorexic animals eat the same amount of food-6 to 7g-after drinking water irrespective of whether they had previously received an injection of NPY or saline, where that injection was given, or whether or not animals had eaten following the NPY injection. In some instances where the larger NPY dose was injected into the LHA, animals ate a total of more than 15g of food in the 4h + 1h test period after NPY followed by the return of drinking water. The fact that previous NPY treatment did not augment subsequent water-stimulated feeding, shows that there was no residual orexigenic activity. This finding is consistent with previous data showing that local levels of exogenously applied NPY are significantly reduced within 4h of injection (51), and that endogenous extracellular NPY levels can show rapid fluctuations (22). Furthermore, the fact that water-stimulated feeding continued unabated in all DE-anorexic animals shows that any post-ingestive satiety signals generated by NPY-stimulated feeding were ineffective at the time water was returned. The mechanisms by which anorexia is reversed by drinking water are not entirely clear, but existing data are consistent with a model where stimulatory networks are disinhibited (61) to promote eating behavior quickly, powerfully and, as we now show, with little regard for any previous satiating effects of food.
Perspectives and Significance
feeding that complicates the outcome of many important clinical conditions, including cancer, AIDS, anorexia nervosa, and chronic inflammatory bowel syndrome. Few neural systems-level models have been proposed that account for the marked reductions in food intake that characterize the various types of anorexia.
We have previously suggested that with DE-anorexia (a physiologically important adaptation to cellular dehydration) the downstream effectors from ingestive behavior control neurons in the PVH and LHA are compromised. On the other hand, the 'drive' within those NPY-containing neurons originating in the ARH and the hindbrain that project to the PVH and LHA remains intact (63) . We now provide further support for this model by showing that NPY injections in the LHA and particularly, the PVH are less effective in DE-anorexic animals than when they are challenged in the EU state. Furthermore, the fact that the latency to eat following NPY injections is unchanged in DE-anorexia shows that meal initiation is unaffected during anorexia, whereas meals are prematurely terminated perhaps because of the increased sensitivity and efficacy of satiety mechanisms.
To elucidate the mechanisms responsible for DE-anorexia, these results now highlight the importance of investigating the interactions between networks that stimulate feeding and those responsible for transducing satiety signals to terminate meals. injections into either the PVH or LHA. Injections were given to euhydrated (EU) animals on day 7 or day 9 of the experiment or to animals given 2.5% saline to drink (DE) for 3 (day 7) or 5 (day 9) days. There were no significant differences in the latency to eat between any treatment group. Animals were either maintained on drinking water for the duration of the experiment (EU), or maintained on drinking water (EU) and then given 2.5% saline to drink (DE). The second NPY injection was given on day 7 or day 9, 3 or 5 days after the initiation of drinking 2.5% saline. The main finding is that food intake returns to control levels when NPY is injected in the region of the LHA of DE animals showing moderate anorexia, but remains significantly suppressed in animals with a longer period of DE and more pronounced anorexia. See text for the detailed statistics.
Figure 5:
The correlation between the development of spontaneous anorexia (expressed as the % reduction in nocturnal food intake) of animals given 2.5% saline to drink (DE), and the inhibition of the feeding response four hours after 119pmol NPY injection to the lateral hypothalamic area (LHA). The feeding response was expressed as the difference between the amount of food intake after the first injection of NPY given when animals were drinking water (EU) and the amount of food intake after second injection of NPY given either after 3 or 5 days of drinking 2.5% saline (DE) . See text for the detailed statistics. Figure 5
